A strong and dynamically controlled circular dichroism (CD) effect has aroused great attention due to its desirable applications in modern chemistry and life sciences. In this Letter, we propose a graphene-metal hybrid chiral metamaterial to generate mid-infrared CD with an intensity of more than 10%, which can be actively controlled over a wide wavelength range. In addition to the strong tunability, the CD signal intensity of our nanostructure is drastically larger than that of the purely graphene-based chiroptical nanostructures. Our design offers a new strategy for developing tunable chiral metadevices, which could be used in various applications, such as biochemical detection and information processing. Chirality refers to a certain handedness in three-dimensional (3D) geometry without any mirror symmetry plane [1], which is important in chemistry and life sciences because different chiral molecules can lead to distinctly different physiological responses. For a chiral medium subject to the illumination of right-handed circularly polarized (RCP) or left-handed circularly polarized (LCP) light, different optical responses, including selective transmission/ reflection and circular dichroism (CD), occur. For example, gyroid nanostructures produce the vivid colors of butterfly wings [2] , and Chrysina gloriosa under LCP illumination appear more brilliant than those under RCP illumination [3] . Other species, such as DNA double helix, sugar, cholesteric liquid crystals, and some biomolecules are all 3D chiral structures existing in nature. However, the chiroptical response in natural materials is generally very weak due to the small electromagnetic interaction volume [4] . Consequently, the CD effect is detectable only when the optical path length is much larger than the wavelength of light, which limits its further applications at the nanoscale.
Chirality refers to a certain handedness in three-dimensional (3D) geometry without any mirror symmetry plane [1] , which is important in chemistry and life sciences because different chiral molecules can lead to distinctly different physiological responses. For a chiral medium subject to the illumination of right-handed circularly polarized (RCP) or left-handed circularly polarized (LCP) light, different optical responses, including selective transmission/ reflection and circular dichroism (CD), occur. For example, gyroid nanostructures produce the vivid colors of butterfly wings [2] , and Chrysina gloriosa under LCP illumination appear more brilliant than those under RCP illumination [3] . Other species, such as DNA double helix, sugar, cholesteric liquid crystals, and some biomolecules are all 3D chiral structures existing in nature. However, the chiroptical response in natural materials is generally very weak due to the small electromagnetic interaction volume [4] . Consequently, the CD effect is detectable only when the optical path length is much larger than the wavelength of light, which limits its further applications at the nanoscale.
Surface plasmons (SPs), electromagnetic modes existing at a metal-dielectric interface, present unique advantages in supporting sub-diffraction-limited spatial light confinement and a strongly enhanced local electric field [5] , which can significantly improve the strength of light-matter interactions [6] . Recent progress in plasmonics paves the way for the enhancement of the CD effect [7] [8] [9] . To date, the CD effects of 3D metallic nanostructures have been widely investigated [10] and applied in various fields, such as chiral catalysis [11] , biological monitoring [12] , polarization tuning [13] , and chiral photo detection [14] . In these cases, the giant CD signals were attributed to the large light-matter interaction owing to the excitation of the electric and magnetic resonant modes [15] . Nevertheless, due to the restricted flexibility of the permittivity of noble metals, CD effects normally occur at a narrow band. In addition, it is very difficult to change the geometrical parameters of the structure after fabrication. Hence, more appropriate materials are highly desirable for dynamically and precisely manipulating the CD effects.
Graphene, a monolayer of carbon atoms gathered in a honeycomb lattice, has attracted significant attention since it provides unique opto-electric properties beneficial for electronic [16] , structural [17] , and transport applications [18] . As it supports SPs with both high confinement and relatively low loss [19] , so far, graphene has been extensively studied for applications in plasmonic waveguides [20] , absorbers [21] , and wide-range tunable metamaterials [22] [23] [24] in the infrared and terahertz spectral ranges. Moreover, by electrical gating, graphene shows great tunability of its electromagnetic properties via changing its surface conductivity [20] . With these advantages, graphene is considered as a promising candidate for actively tunable plasmonic CD nanostructures. Graphene-based split-ring [25] and nanodisk [26] arrays were proposed to generate tunable CD signals, and mid-infrared circular conversion dichroism also could be tuned by integrating a monolayer graphene film with metallic nanostructures [27] . Although the tuning range is broad, the CD signals from purely graphenebased nanostructures are too small to be applied in practice because of the weak near-field coupling and small electromagnetic interaction volume determined by the nature of graphene [18] .
Thus, it is compelling to exploit novel approaches to actively control the CD signal while maintaining a relatively large value of CD.
In this Letter, we present a new design of chiral metamaterial, which is devised to break mirror symmetries [8, 9] to generate a tunable and strong CD effect based on a bi-layer hybrid nanostructure composed of gold split-ring resonators (SRRs) and graphene gratings. We utilize the electromagnetically induced transparency (EIT) effect of this system arising from the destructive interference between the metallic SRR's magnetic resonance and graphene's electric resonance, which dramatically increases the light-matter interaction time and volume [28] and, consequently, leads to a strong narrow-band CD effect. As a proof-of-concept, a large CD targeted at ∼8.25 μm with a value of up to 13% is achieved, which is significantly larger than the CD of 4% achieved by pure graphene chiral metamaterials [25, 26] . To further clarify the underlying physics of the enhanced CD effect, a theoretical analysis based on the coupled-mode theory (CMT) [29, 30] is applied, and the modeled results show excellent agreement with numerical simulations. The active control of the CD effect is demonstrated by tuning the Fermi energy of graphene via changing the gate voltage, the geometrical parameters, and the environmental dielectric constants. In the broad mid-infrared regime of our interest from 6 to 10 μm, the CD value remarkably maintains greater than 10%. Our results could be useful for vibrational CD spectroscopy in the mid-infrared region to determine the configuration of a chiral molecule.
The schematic of the proposed chiral metamaterial is shown in Fig. 1(a) . The unit cell is composed of a graphene strip at the bottom layer and a gold SRR at the top layer. The graphene strip lies along the y-direction, and the SRR is right above (along the positive z-direction) the graphene. The vertical distance (d ) between the SRR and the graphene is 0.5 μm, and the thickness of the SRR is 30 nm. The whole structure is excited by a normally incident RCP or LCP plane wave. Here RCP or LCP is defined if the electric field vector rotates clockwise (counterclockwise) when an observer looks along the wave propagation direction [8] . Figure 1 (b) displays the detailed parameters of a unit cell of the metamaterial (top view). The array periodicities p along the x-and y-directions are identical and set as 4 μm. The arm length of the SRR (l ) is 1.6 μm, and the arm width (w) is 0.4 μm. The width of the graphene grating (w g ) is 230 nm. The SRR is rotated about the z-axis by an angle θ 45°and, thus, the mirror symmetry of the system is broken, fulfilling the necessary condition to generate CD [8, 9] . These geometrical parameters have been optimized using full-wave numerical simulations based on COMSOL. In our simulations, the permittivity of gold is described by the Drude model, ε gold 1 − ω 2 p ∕ωω iΓ, where ω p 1.37 × 10 16 s −1 is the plasma frequency, and Γ 4.08 × 10 13 s −1 is the damping constant, respectively [28] . For monolayer graphene, the thickness (t g ) is assumed to be 0.5 nm [21] , and its permittivity can be derived from ε g ε 0 iσ g ∕ωt g with ε 0 the dielectric constant of the vacuum. Here σ g represents the complex surface conductivity of graphene, which involves contributions from the intra-and inter-band transitions and can be calculated through the local limit of random-phase approximation [21] . The whole structure is embedded in a homogeneous dielectric medium with a dielectric constant ε d to make the interface effect negligible. For simplicity, the dielectric environment is considered as air with ε d 1.
To have a clear physical insight into our proposed metamaterial, the CMT is applied to investigate the CD effect since both the graphene strip and the SRR experience dissipation, as well as near-field coupling. In the linear polarization basis, the transmission matrix is defined by T linã b, whereã a
RCP). The result is as follows:
T circ where t xx , t xy , t yx , and t yy denote the matrix elements of T lin . Letx , q y T represent the complex oscillation amplitudes for the resonances (the graphene strip and the SRR) oriented in the x and y directions. The incident light (described byã) couples linearly to both resonators, according to the coupled-mode equation:
for the 2 × 2 complex matrices Ω and K . Moreover, the outgoing light (described byb) is a combination of the direct transmission of the inputs and the re-radiation by the resonators:
The Ω and K matrices can be parametrized by
where δ μ μ x, y is the frequency detuning for each resonator, γ s μ is the radiative scattering rate, γ d μ is the dissipation rate, and κ is the near-field coupling rate. The transmission matrix then takes the form 
In order to demonstrate the formation mechanism of the CD effect clearly, we first study the transmission spectra under the normal incidence of circularly polarized light (CPL) for the graphene grating only and the gold SRR only, as shown in Figs. 2(a) and 2(c) , respectively. For the optimized structural parameters mentioned above, a transmission dip of the graphene grating with a narrow linewidth centered at ∼8.45 μm is evidenced in Fig. 2(a) , which arises from the excitation of a coupled electric dipole resonant mode recognized by the normalized electric field distribution (jE∕E in j 2 ), as illustrated in Fig. 2(b) . As a comparison, the full-wave COMSOL simulation results are marked as red circles in the same plot in Fig. 2(a) , which agree perfectly with the calculation from the CMT. Here the graphene's Femi energy (E f ) and electron mobility (μ) are 0.8 eV and 10,000 cm 2 ∕Vs, respectively. It is obvious that a strongly localized electric field is concentrated firmly at the edges of the graphene grating with an enhancement of ∼1.8 × 10
4 . On the other hand, for the SRR alone, a broad transmission dip centered at ∼8.25 μm is observed. Figure 2 (d) plots the magnetic field on the x −y plane and the induced current loop (red-arrows), indicating the excitation of a resonant magnetic dipole mode. The distribution of the H z component at the half-height plane of the SRR (which is normalized to the magnetic field intensity of incident light) shows a strong enhancement of the magnetic field mainly confined within the inner area of the SRR, and its corresponding enhancement reaches up to a value of 120. Figure 3(a) shows the transmittance of our proposed hybrid metamaterials integrating the graphene grating and the SRR together. An evident narrow transparency window at ∼8.39 μm is observed for both RCP and LCP excitations. Similar to our previous work, the destructive interference between the high-quality factor dipolar resonance mode of the graphene and the low-quality factor magnetic resonance mode of the SRR will lead to the EIT effect [28] . Meanwhile, a prominent transmission intensity difference in the whole transparency window is apparent, indicating a strong CD effect. To quantify the CD effect, the CD value is defined as T RR − T LL × 100%, where T RR T LL is the transmittance under the RCP (LCP) light excitation. As shown in Fig. 3(b) , the CD value is found to be wavelength dependent within the EIT window, and its maximum is about 13% at the frequency of transmission peak. This value is much higher than what is observed for recent pure graphene chiral metamaterials [25, 26] . A slow light effect associated with the EIT [28] can dramatically enhance the light-matter interaction in our hybrid nanostructures, resulting in a strong chiroptical response. The COMSOL simulation results in Figs. 3(a) and 3(b) are in perfect agreement with the analytical calculation based on the CMT. Using the curve-fitting toolbox in Matlab, the CMT parameters used in this Letter are γ Since the symmetry breaking and coupling strengths between the electric and magnetic resonant modes are the key factors in our system, we study separately the impacts of these two factors on the generation of CD. Figures 4(a) and 4(b) show the influence of the structure symmetry on the CD by changing the SRR rotation angles θ. The CD value increases as θ increases from 0°to 45°. The maximum CD value up to 13% is recorded when the θ reaches 45°, corresponding to the largest extent of structure symmetry breaking. Then it decreases with the decreasing of the symmetry breaking and, finally, disappears when the θ changes to 90°. The coupling strength between the graphene strip and the SRR is changed by tuning the efficiency of the EIT-like resonance [28] , which is achieved through varying μ from 10,000 to 1000 cm 2 ∕Vs while fixing the rotation angle θ 45°. As shown in Fig. 4(c) , the CD values within the transparency window of the EIT increase monotonously with the increasing of μ, which confirms the beneficial role of the strong plasmonic resonances of graphene nanoribbons [28] in controlling the strength of chirality.
Then we study the electronic tunability of the CD effect in our hybrid structure. As mentioned above, one of the major advantages of graphene compared to noble metals (such as gold and silver) is its active broadband tunability of the Fermi energy (E f ) by electrostatic gating and chemical doping, which opens up a new gateway to achieving continuously tunable chiral elements. Figure 5(a) shows the CD spectra with various graphene Fermi energies. In this simulation, E f is changed from 0.7 to 0.9 eV, while the other parameters are set as θ 45°, μ 10,000 cm 2 ∕Vs, w g 230 nm, and ε d 1.0. It is clear that the CD peak is tunable within a large range and shows an obvious blue-shift as E f increases. In addition, the CD effect can also be tuned through changing the structural parameters of the graphene strips. As shown in Fig. 5(b) , an obvious red-shift of the CD peak is demonstrated with the width of the graphene strip (w g ) increasing from 180 to 280 nm. This is due to the size dependence of the dipole resonance of the graphene resonator. Here θ 45°, μ 10,000 cm 2 ∕Vs, E f 0.8 eV and ε d 1.0. Finally, the environmental index offers us another degree of freedom to tune the CD effect of the graphene-metal hybrid metamaterial. Practically, the whole structure could be immersed or embedded in different background dielectrics. Here we assume that the refractive index of the background material changes from 1 to 1.3 with θ 45°, μ 10,000 cm 2 ∕Vs, E f 0.8 eV, and w g 230 nm. The corresponding CD peak exhibits a gradual red-shift as refractive index increases, as shown in Fig. 5(c) . This range of refractive index covers the achievable materials, such as ion gel and electro-optic polymers.
In summary, we have numerically studied the mid-infrared CD effect generated by a novel electrically tunable EIT-like metamaterial consisting of a top-layer gold SRR array and a bottom-layer graphene grating. The strong CD reaches the maximum of around 13% when our structure has the largest structure symmetry breaking and strong near-field electromagnetic interaction. The optical chirality is well explained by CMT, fitting the numerical simulations perfectly. Moreover, the CD signals can be dynamically tuned and maintain greater than 10% in a wide wavelength range by varying the Fermi energy of graphene, the geometry parameters, and the refractive index of the matrix material. When applied to specific applications, these parameters should be determined by the spectrum interval of interest. Although the present results are all obtained at normal incidence, we remark that comparable chiroptical response remains at oblique incidence [8] . This study may provide a versatile platform for designing active metadevices with applications in enantiomers identification, analytical chemistry, and molecule sensors. 
